The fluorescence detection of polymerase chain reaction (PCR) products using the ABI Model 7700 Sequence Detection System (PE Applied Biosystems, Foster City, CA, USA) allows researchers to rapidly detect and quantify gene sequences without the need for labor-intensive post-PCR processing such as gel electrophoresis and radioactive hybridization (1) . This, in conjunction with a built-in, 96-well format thermal cycler, can greatly increase the throughput of PCR testing. The method uses a fluorescent oligonucleotide probe with a 5 ′ reporter dye and a downstream, 3 ′ quencher dye (2) . During PCR, the 5 ′→3 ′ nuclease activity of TaqDNA polymerase releases the reporter, whose fluorescence can then be detected by the laser detector of the Model 7700 system. The entire process takes approximately 3 h from DNA amplification to data collection, whereas conventional detection methods such as Southern blotting and radioactive hybridization may require several days. Because both amplification and detection processes are contained within a closed system, it minimizes the potential for product carry-over contamination. Initial reports have demonstrated that high levels of DNA target (>100 copies) in a relatively low DNA background (<1 µ g) can be detected using this system. We describe a method for the real-time detection of a single-copy Herpes simplex thymidine kinase gene in a high background of genomic DNA that is equivalent to 500 000 diploid mammalian cells (3.3 µ g).
A 417-bp sequence was amplified and detected using the primer set 5 ′ -CGAGACAATCGCGAACATCTAC-3 ′ (forward) and 5 ′ -GCCAGCATAGCC -AGGTCAAG-3 ′(reverse) and the probe 5 ′ -CCGGCACAAACATCGT -GT-3 ′ . The probe was covalently linked with the reporter dye FAM at the 5 ′ end and the quencher dye TAMRA at the 3 ′ end. The PCR amplification was performed using a 96-well optical tray and caps (MicroAmp ® ; Perkin-Elmer, Norwalk, CT, USA). The final reaction mixture of 100 µ L consisted of 300 nM each primer, 200 nM probe, 5 U AmpliTaqGold ™ (Perkin-Elmer), 200 µ M each dATP, dCTP and dGTP, 400 µ M dUTP, 5.5 mM MgCl 2 , 8% glycerol, 1 U AmpErase ® uracil N -glycosylase (UNG) and 1 × TaqMan ® Buffer A containing a reference dye, ROX (all reagents from Perkin-Elmer). The amplification profile was as follows: 50°C for 2 min (enzymatic degradation of carry-over DNA by UNG), 95°C for 10 min (hot start), followed by 60 cycles at 95°C for 15 s and 60°C for 1.5 min. To determine the limit of detection, standards were prepared using 3.3 µ g of genomic DNA extracted from human whole blood spiked with 0, 1 and 10 copies of genomic DNA from cell line PA317/ G1Tk1SvNa.7. A no-template control was also included. Cell line PA317/G1Tk1SvNa.7 was cloned from 744BioTechniques a single-cell clone that was infected by a murine retrovirus (4) . It has been shown to contain one integrated copy of G1Tk1SvNa.7 vector per cell by Southern blot analysis.
In one experiment, 10 replicates for each of the standards were tested using the Model 7700 system. Relative normalized fluorescence (Rn, emission intensity of reporter/emission intensity of reference) vs. time (PCR cycle number) was plotted to allow real-time assessment of each PCR. Delta Rn ( ∆ Rn) is the Rn value at any given cycle number after subtracting the average Rn for the baseline portion of the plot (cycles 3-15 in a reaction). The average background fluorescence emission was calculated from cycles 3-15 in all the reactions, and a standard deviation was derived. A threshold fluorescence intensity was established at 10-fold above this standard deviation. Any sample that reached a fluorescence value that exceeded the fluorescence threshold was considered to be positive, and the cycle at which this first occurred was defined as the Benchmark s threshold cycle (C t ). To detect low levels of target, the number of PCR cycles must be greater than the C t values. After preliminary optimization, we chose 60 cycles for our assay. We were able to detect eight of ten samples containing an average of one copy of target DNA molecules among a background of 3.3 µ g of purified human genomic DNA, while the negative controls containing 3.3 µ g of genomic DNA and the notemplate controls exhibited no amplification. Figure 1 shows data from six 1-copy replicates, four negative DNA replicates and four 10-copy replicates.
In a repeat experiment, twenty 1-copy replicates, five 10-copy replicates, five negative DNA replicates and five notemplate controls were amplified using the same PCR conditions. Fifteen of the twenty replicates of 1-copy and all replicates of the 10-copy positive samples tested positive. The 10 reactions of negative DNA and no-template controls all tested negative by the Model 7700 system. This demonstrates that in addition to being extremely sensitive, this method is capable of achieving high specificity. In addition to the use of optimized PCR conditions for the Model 7700 system, one important observation in our study is that amplification of low levels of targets requires more PCR cycles than the traditional 45 cycles. The detection of 23 out of 30 replicate samples (76.7%) containing an average of one copy of target by the Model 7700 system is in accordance with the Poisson probability distribution, which predicts that 63.2% of the samples would contain at least one or more targets, and 36.8% would contain no target (Table 1) . To evaluate the validity of the results obtained with the Model 7700 system, we analyzed the PCR products by agarose gel electrophoresis and Southern blot hybridization. The presence or absence of hybridization for all of the reactions matched completely with the results from the Model 7700 system. Differences between the intensities in hybridization signals and the C t values were observed for some samples and were probably caused by the nonexponential phase of the PCR amplification in the later cycles after the threshold. This also suggests that the use of C t values for quantification is more accurate than analyzing the product yields at the end of all PCR cycles because the former measures the log phase of the reaction. The Model 7700 system is extremely useful for quantitating unknown levels of targets in samples by plotting the C t values vs. the number of starting target copies of a standard curve. Because there is a limit of quantitation for the method, the C t values from the 1-copy samples cannot be used to quantitatively extrapolate the accurate copy numbers. This is why there is considerable variability in the C t values of the 1-copy samples. The quantitative utility of this system is well-documented (1-3) ; however, its application in end-point determination of single-copy level of DNA sequences has not, to our knowledge, been described before in the literature.
In conclusion, we have described an improved PCR method and validation strategy that can be used to detect single-copy level of DNA sequences using the fluorescence-based detection system of the ABI Model 7700. We have successfully used this methodology to test half a dozen different genes; all tests have been validated to a singlecopy sensitivity. This automated detection system is able to reproducibly achieve such sensitivity without the need for analyzing the products by time-consuming methods such as Southern blot hybridization and radioactivity, making it an ideal system for clinicians and researchers who demand a high-throughput PCR assay for end-point determination. This method can also be applied to detect low levels of viruses or rare mutations in a large number of normal cells or biological samples.
